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INTRODUCTION 

The c a t a l y t i c  hydrogenation of carbon d ioxide  t o  methane 

4H&) + co2(g)  CHh(g) + 2H20(g) + 43 Kcal 

i s  o f t e n  c a l l e d  t h e  S a b a t i e r  r e a c t i o n ,  a f t e r  t h e  Belgian chemist who i n v e s t i g a t e d  
t h e  hydrogenation of hydrocarbons us ing  a n i c k e l  c a t a l y s t .  The S a b a t i e r  r e a c t i o n  
i s  becoming of  commercial i n t e r e s t  f o r  t h e  manufacture of  n a t u r a l  gas  from t h e  
products  of  c o a l  g a s i f i c a t i o n .  The reverse  r e a c t i o n ,  o f  course,  is c a l l e d  steam 
reformation and i s  a commercial method f o r  hydrogen manufacture. 

This paper developed from work performed under c o n t r a c t  t o  NASA t o  i n v e s t i g a t e  
t h e  S a b a t i e r  r e a c t i o n  a s  a s t e p  i n  reclaiming oxygen w i t h i n  closed cycle  l i f e  
support  systems. Carbon dioxide from t h e  cabin  atmosphere is t h u s  changed i n t o  
water  vapor which is e l e c t r o l y z e d  t o  provide oxygen f o r  t h e  cabin  p l u s  one-half 
t h e  hydrogen requi red  f o r  t h e  S a b a t i e r  r e a c t i o n .  The rest of t h e  hydrogen i s  
provided from t h e  e l e c t r o l y s i s  of s t o r e d  water, which produces brea th ing  oxygen a s  
a by-product, reducing t h e  propor t ion  of a v a i l a b l e  carbon d ioxide  which must be 
r e a c t e d  and a s s u r i n g  excess  carbon dioxide i n  t h e  f e e d  mixture .  

The S a b a t i e r  r e a c t i o n  is  a r e v e r s i b l e ,  h ighly  exothermic r e a c t i o n  which 
proceeds a t  a u s e f u l  r a t e  a t  t h e  low temperatures  requi red  for high y i e l d s  only 
when a c a t a l y s t  i s  used. Dew, White, and S l i e p c e v i t c h  (1) s t u d i e d  t h i s  r e a c t i o n  
us ing  a n i c k e l  c a t a l y s t .  This  paper  examines t h e  k i n e t i c s  of t h e  r e a c t i o n  using 
a Ruthenium c a t a l y s t ,  and d e r i v e s  from experimental  d a t a  a c o r r e l a t i o n  descr ib ing  
t h e  k i n e t i c s  of t h i s  c a t a l y s i s  i n  t h e  40O0F t o  7009  temperature  range. 

Thermodynamics 

Equilibrium compositions f o r  hydrogen and carbon dioxide mixtures  a t  1 atm 
a r e  shown i n  Figure 1, which was prepared with t h e  a i d  of  a conputer  program 
developed by United A i r c r a f t  Research Labora tor ies  us ing  f r e e  energ ies  from 
Wagman ( 2 ) .  
and water  vapor. The r e a c t i o n  proceeds a s  w r i t t e n  

Carbon and carbon monoxide a r e  p o s s i b l e  products ,  a s  w e l l  a s  methane 

4 ~ 2 ( g )  + co2(g)  e 2 ~ 2 0 ( g )  + ~ ~ 4 ( g )  

for molar f e e d  r a t i o s  (H2:C02) of  over 3 . 5 : l  a t  temperatures  from 4 0 0 9  t o  7009 .  

A t  7 0 0 q  and a f e e d  r a t i o  (H2:COz) 
of 3 .5 : l  t h e  equi l ibr ium conversion of Hg i s  only go$, while  a t  4 0 0 9  it i s  about 

Low temperatures  f a v o r  high conversions. 

99$. 
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A s  t h e  f e e d  r a t i o  f a l l s  below 3.5:1, carbon becomes thermodynamically s t a b l e  
a t  h igher  and higher  temperatures .  A t  3: l ,  carbon depos i t ion  i s  p o s s i b l e  only 
below 5 0 0 9  while  a t  2 : l  it i s  s t a b l e  below 11009. 

Carbon monoxide formation is thermodynamically p o s s i b l e  above 7009, where 
t h e  r e a c t i o n  encounters  the well-known ”water gas  s h i f t ” .  

C02 + H2 .- CO + H 2 0  

This  does not cause a l i m i t a t i o n  i n  maximum opera t ing  temperature  because any 
carbon monoxide formed i s  converted t o  o ther  products  downstream i n  t h e  r e a c t o r ’ s  
subsequent 4 0 0 9  - 7009  temperature  zone which i s  necessary f o r  a p r a c t i c a l  y i e l d .  

EXPERIMENTAL 

C a t a l y s t  S e l e c t i o n  

Thompson (3) conducted a S a b a t i e r  c a t a l y s t  sc reening  program f o r  t h e  US 
A i r  Force.  Four c a t a l y s t s  were experimental ly  evaluated:  

1) 
2) 0.5% ruthenium (on  alumina) 
3) 0.5% rhodium (on  alumina) 
4) 0.5% cobal t  (on alumina) 

Nickel (80$ N i  and NiO) on k i e s e l g u h r )  

Ruthenium and n i c k e l  were found t o  be appreciably more a c t i v e  c a t a l y s t s  f o r  
promoting t h e  
problems. 

1) 

2 )  

3) 

S a b a t i e r  r e a c t i o n .  

Slow d e t e r i o r a t i o n  
poisoning . 
Reactor s t a r t u p  i n  
n i c k e l  t o  i t s  most 

Nickel, however, p resented  s e v e r a l  opera t ing  

over t h e  t e s t  per iod ,  a t t r i b u t e d  t o  s u l f u r  

hydrogen was advisable  t o  a s s u r e  reduct ion  of 
a c t i v e  form. 

Carbon d e p o s i t i o n  was repor ted  a t  6509 t o  70O0F. 

Ruthenium had none of t h e s e  problems, and was somewhat more a c t i v e  t h a n  t h e  
n i c k e l  a s  a c a t a l y s t .  Furthermore, t h e r e  was a p o t e n t i a l  f o r  even more a c t i v i t y  
i f  h e a v i e r  loadings  of  t h e  meta l  on t h e  s u b s t r a t e  a r e  used. 

Consequently a 0.5% ruthenium c a t a l y s t  on 118 i n  x 118 c y l i n d r i c a l  alumina 
pel le ts  was s e l e c t e d  f o r  f u r t h e r  i n v e s t i g a t i o n .  The prepared c a t a l y s t ,  Englehard 
type  “E”, was purchased from 

Englehard I n d u s t r i e s  Div is ion  
Englehard Minerals  and Chemicals Corp. 
113 Aster S t r e e t  
Newark, N. J. 

The manufacturer f u r n i s h e d  no l o t  number o r  o t h e r  s p e c i f i c  information but  
d i d  d i s c l o s e  t h a t  t h e  c a t a l y s t  performed w i t h i n  t h e  l i m i t s  of t h e i r  i n t e r n a l  sped- 
f i c a t i o n s .  S u p e r f i c i a l  examinat ion of  t h e  p e l l e t s  i n d i c a t e d  t h e  ruthenium d i d  
not  p e n e t r a t e  more t h a n  112 mm i n t o  t h e  alumina i n d i c a t i n g  t h a t  pore d i f f u s i o n  was 
not  l i k e l y  t o  be  important i n  t h e  performance of t h i s  c a t a l y s t .  The bulk d e n s i t y  
of t h e  , p e l l e t s  was measured a s  1.0 g/cc. 
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Approach 

The ruthenium c a t a l y s t  i s  r e l a t i v e l y  new and t h e r e  a r e  no publ ished quant i -  
t a t i v e  d a t a  from which t h e  k i n e t i c s  can be determined. Consequently, an experi-  
mental apparatus  was designed and a program t o  acqui re  r a t e  d a t a  was begun. 

Hydrogen and carbon dioxide were f e d  cont inuously t o  t h e  experimental  appara tus .  
The tes t  r e a c t o r ,  a tube  f i l l e d  with c a t a l y s t  and he ld  i s o t h e r m a l  by immersion i n  
a molten s a l t  ba th ,  was made s m a l l  so  t h a t  t h e  conversion of  unreacted feed  was low 
b u t  measurable a t  t h e  lowest opera t ing  temperature, minimumizing t h e  r e a c t i o n  h e a t  
re leased .  A t  h igher  temperatures  p a r t  of t h e  f e e d  was passed through a l a r g e  
"supply" r e a c t o r  provid ing  a p a r t l y  r e a c t e d  f e e d  t o  t h e  tes t  r e a c t o r  which reduced 
t h e  r e a c t i o n  r a t e  and t h e  r e a c t i o n  h e a t  r e l e a s e d .  

Steady s t a t e  conversions were determined from flow informat ion  and chromato- 
graphic  analyses  of t h e  t e s t  r e a c t o r  i n l e t  and o u t l e t  s t reams.  Mass flow t o  t h e  
r e a c t o r  was he ld  s teady  f o r  runs a t  s e v e r a l  temperatures ,  g iv ing  d a t a  f o r  ca lcu la-  
t i o n  of t h e  r e a c t i o n  a c t i v a t i o n  energy, which descr ibes  t h e  temperature  dependence 
of t h e  r e a c t i o n  r a t e .  Addi t iona l  runs were made a t  cons tan t  temperature  t o  d e t e r -  
mine t h e  b a s i c  r e a c t i o n  r a t e  cons tan t .  

Feed flow r a t i o s  (H*:CO2) of 2 : l  and near ly  4 : l  were i n v e s t i g a t e d .  Tempera- 
t u r e s  of 400% t o  TOOOF were s e l e c t e d  f o r  a c t i v a t i o n  energy d a t a  accumulation 
s i n c e  a t  temperatures  over  7 0 0 9  t h e  r e a c t i o n  proceeds r a p i d l y  and i s  complicated 
by carbon dioxide formation,  while  4 0 0 9  is low enough t o  a l low v i r t u a l l y  complete 
conversion of t h e  f e e d  i n  a p r a c t i c a l  r e a c t o r .  

Apparatus 

' 

1 

.( 
A schematic f o r  t h e  complete experimental  r a t e  da ta  appara tus  is  shown i n  

F igure  2. 

The f e e d  r a t e s  of  hydrogen and carbon dioxide were set e x t e r n a l l y  us ing  
laminar  flowmeters. E l e c t r o n i c  d i f f e r e n t i a l  p r e s s u r e  sensors  converted a d i f f e r e n -  
t i a l  pressure flow s i g n a l  t o  an e l e c t r i c a l  vol tage which was read  on a d i g i t a l  
vol tmeter .  The flowmeter c a l i b r a t i o n s  a r e  shown i n  F igure  3. 

When d e s i r e d , . p a r t i a l l y  r e a c t e d  feed  was produced by pass ing  p a r t  of t h e  mixed 
f e e d ' f l o w  through a "supply" S a b a t i e r  r e a c t o r .  
ruthenium c a t a l y s t ,  was heated t o  about 650% and was l a r g e  enough t o  r e a c t  80% - 
90% of t h e  s t o i c h i o m e t r i c a l l y  l e a n  f e e d  c o n s t i t u e n t .  

This  r e a c t o r ,  which a l s o  used a 

Sampling 

I 

I 

All samples except  t h e  i n l e t  feed  were f e d  t o  a Bendix process  chromatograph 
a t  very low flow (Figure  2, S1, S2, S4, S5) .  
by a c t u a t i n g  two three-way valves  which d i r e c t e d  t h e  e n t i r e  f e e d  s t ream through t h e  
chromatograph sampling valve.  A sample could be t a k e n  i n  t h i s  manner without 
changing t h e  f e e d  flow r a t e .  When o t h e r  samples were be ing  taken  t h e  pressure  drop 
of  t h e  chromatograph sampling valve (about 0.6 - 0.8 p s i )  was s imulated i n  t h e  
f e e d  l i n e  w i t h  a p r e c i s i o n  meter ing valve (marked "ADJ") set  t o  maintain a cons tan t  
pressure  a t  PI-2 so  t h a t  t h e r e  was no t r a n s i e n t  when t h e  f e e d  sample valves  were 
ac tua ted .  Heat ing t a p e  and heated valve boxes were necessary throughout t h e  sampl- 
i n g  system t o  prevent  water  from condensing i n  t h e  sample l i n e s .  

The i n l e t  f e e d  sample (53) was t a k e n  

The process  gas  chromatograph analyzed f e e d  and e f f l u e n t  gases  using samples 
of equa1,volume f o r  a n a l y s i s .  Peaks were au tomat ica l ly  ga ted ,  a t t e n u a t e d  and 
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recorded.  Peak he ights  were t h e n  manually measured and logged a s  raw composition 
d a t a .  
l a s t  three were not p r e s e n t  i n  s i g n i f i c a n t  q u a n t i t i e s .  A t y p i c a l  chromatogram i s  
shown i n  F igure  4. 
d a t a  was recorded.  

Components analyzed were H20, C02, H2, CO, CH4, N2, A r ,  and 02, bu t  t h e  

Each a n a l y s i s  took 13 minutes and was always repea ted  before  

The chromatograph was c a l i b r a t e d  by using pure C02, H2, and CH4, a t  s e v e r a l  
p r e s s u r e s  i n  t h e  0-1 atm range.  The chromatographic peak he ights  t h e n  corresponded 
t o  p a r t i a l  p ressures  of t h e  c a l i b r a t e d  c o n s t i t u e n t s .  Water was c a l i b r a t e d  i n d i r e c t -  
l y  u s i n g  S a b a t i e r  r e a c t o r  e f f l u e n t ,  i n  which the p a r t i a l  p ressure  of  water  vapor 
was n e c e s s a r i l y  e x a c t l y  t w i c e  t h a t  of t h e  methane which was a l ready  c a l i b r a t e d .  
F i n a l  c a l i b r a t i o n  curves f o r  t h e  chromatograph a r e  shown i n  Figure 5. 

After the chromatograph was c a l i b r a t e d ,  the hydrogen peak s i g n a l  became 
e r r a t i c  d u r i n g  t h e  da ta  c o l l e c t i o n  phase.  
by t a k i n g  t h e  c o r r e c t  hydrogen p a r t i a l  p r e s s u r e  a s  equal  t o  t h e  d i f f e r e n c e  between 
a n a l y s i s  p r e s s u r e  and t h e  sum of  t h e  o t h e r  c o n s t i t u e n t s  a s  determined from t h e i r  
peak h e i g h t s  and c a l i b r a t i o n  curves .  The accuracy of t h i s  method was confirmed 
l a t e r  i n  t h i s  work a f t e r  t h e  e l e c t r o n i c  malfunct ion respons ib le  was r e p a i r e d .  

T e s t  R e  a c t  o r  

Successful  gas  ana lyses  were cont inued 

The d i f f e r e n t i a l  r e a c t o r  used f o r  t h e  a c t u a l  k i n e t i c  s tudy  was made from 112 
i n .  s t a i n l e s s  s t e e l  t u b i n g  (0.43 i n  I D  x 1.75 i n ) .  
grams (about e ighty  118 i n .  x 118 i n .  c y l i n d r i c a l  alumina p e l l e t s  coated w i t h  112% 
ruthenium) f i l l e d  t h e  4.15 c c  r e a c t o r  tube .  
r e a c t o r  because i t s  purpose was t o  convert  only a smal l  p o r t i o n  of  t h e  f e e d  s t ream 
t o  t h e  S a b a t i e r  products .  

The c a t a l y s t  charge of 3.58 

The r e a c t o r  was c a l l e d  t h e  " d i f f e r e n t i a l "  
' 

The d i f f e r e n t i a l  r e a c t o r  assembly, c o n s i s t i n g  of a f e e d  prehea t ing  c o i l ,  
thermocouples and sample t u b e s  (Figure 6) was submerged i n  an oven-heated molten 
s a l t  b a t h  t o  keep t h e  r e a c t o r  i so thermal ,  because of t h e  high hea t  of r e a c t i o n .  
Thermocouples were i n s t a l l e d  i n  t h e  i n l e t  s t ream (T2), o u t l e t  stream (T4), a t  t h e  
c e n t e r  of t h e  r e a c t o r  (T3), and on t h e  r e a c t o r  w a l l  (T5) .  Samples could be  taken  
from t h e  f e e d  ( a f t e r  p r e h e a t )  ( S h ) ,  e f f l u e n t  (S5) ,  and ( e x t e r n a l l y )  from t h e  f e e d  
b e f o r e  e n t e r i n g  t h e  r e a c t o r .  

A t  t h e  low end of t h e  tempera ture  range (boo0 - 500%) r e a c t i o n  r a t e s  were low 
A t  h igher  temperatures  and the r e a c t o r  wal l  and c e n t e r  thermocouples agreed 2 19. 

t h e  r e a c t i o n  r a t e  was high and the r e a c t i o n  r a t e  was reduced s o  t h a t  t h e  temperature  
d i f f e r e n t i a l  was he ld  below lOoF by p a r t l y  r e a c t i n g  t h e  i n l e t  f e e d  before  it entered  
t h e  d i f f e r e n t i a l  r e a c t o r .  
t a k e n  from 4009 t o  7009 i n  a s i n g l e  r e a c t o r  w i t h  a cons tan t  feed  r a t e .  

Using t h i s  technique good experimental  d a t a  could be 

DISCUSSION 

Since  t h e  mechanism f o r  ruthenium c a t a l y s i s  i s  unknown, gas phase type k i n e t i c s  
a r e  proposed f o r  t h e  r e a c t i o n :  

kf 

k r  
4 H 2 ( d  + c02(g)  .: 2H20(d + cH4(g) 

where kf and k r  represent  r e a c t i o n  r a t e  cons tan ts  f o r  t h e  forward and r e v e r s e  
r e a c t i o n s ,  r e s p e c t i v e l y .  Thus 
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where n i s  an emperical  constant  e q u a l  t o  1 f o r  pure gas phase k i n e t i c s .  

When equi l ibr ium i s  achieved, -dlPC02)/ d t  = 0, and equat ion  (1) becomes 

and t h e  emperical  exponent a p p l i e d  t o  t h e  exponent ia l  c o e f f i c i e n t s  cancels  so  
t h a t  t h e  equi l ibr ium cons tan t ,  Ke, i s  def ined  a s  a c l a s s i c a l  thermodynamics. 

( 3 )  
n n  

Noting t h e  KZ = kf/kr, i f  equat ion  (1) is  r e w r i t t e n  

t h e n  t h e  temperature  dependence of t h e  r e a c t i o n  r a t e  cons tan ts  can be descr ibed 
by t h e  genera l  Arrhenius r e l a t i o n s h i p  

k:(T) = k exp(-Ea/RT) (5) 

and thus  t h e  f i n a l  form of t h e  r a t e  express ion  i s  

- dkd d t  = k exp (-Ea/RT) 

where k ( t h e  r a t e  c o n s t a n t )  and Ea ( t h e  a c t i v a t i o n  energy)  and n ( c a t a l y s t  
c o e f f i c i e n t )  a r e  cons tan ts  t o  be determined f o r  t h e  experimental  d a t a .  

To f i n d  t h e  a c t i v a t i o n  energy Ea and c a t a l y s t  c o e f f i c i e n t  n f o r  equat ion 
( 6 )  t h e  logari thms of both s i d e s  a r e  taken.  Rearrangement t h e n  g ives  

which is of t h e  form Y = mX +b. 
enabl ing  de termina t ion  of Ea. 
t r i a l  because improper values  of n do not g i v e  a l i n e a r  p l o t  of experimental d a t a .  

A p l o t  of Y vs 1/T t h u s  has  a s lope  of Ea/R, 
The c a t a l y s t  c o e f f i c i e n t  n can be determined by 

With Ea and n determined, equat ion  (6) can be now i n t e g r a t e d  t o  obta in  a 
value of r a t e  cons tan t  k f o r  each experimental  run. 

Rearranging and s o l v i n g  equat ion  (6) f o r  k 
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If the  change i n  Pc* a s  it p a s s e s  through the r e a c t o r  is  def ined  a s  X, then 

t h e  v a r i a b l e s  can be separa ted  

-Ea/RT 
-1 

i n  n k = e  

Kes 
i n  i n  

where P and PH a r e  i n l e t  p a r t i a l  p ressures .  
co2 2 

I n t e g r a t i n g  equat ion  ( 9 )  from r e a c t o r  i n l e t  t o  o u t l e t ,  

i n  ou t  
dX 

n 2n i n  n i n  4n 
1 
n I 'C02 - '1 I 'H2 - 4x] 

-Ea/RT Ke q 
k =  e J o  

t o u t  Lin 
Since space v e l o c i t y  Sv = 1 where t i's contac t  t i m e ,  

t 
i n  o u t  

dX 
i n  n k = e  i n  

n 
K 

e q  

The i n t e g r a l  involves  only i n l e t  and o u t l e t  concentrat ions,  known k i n e t i c  
cons tan ts  and t h e  running v a r i a b l e  X, and can be so lved  by numerical o r  graphica l  
techniques.  Values of Qq(T) were obtained from (2) .  

A s tandard  f o u r t h  o r d e r  Runge-Kutta numerical i n t e g r a t i o n  technique was 
c a r r i e d  out  for  each test run using a computer program w r i t t e n  e x p l i c i t l y  f o r  t h i s  
work. The Runge-Kutta method, which employs a Taylor  series expansion of t h e  d e r i -  

. v a t i v e  func t ion ,  was s e l e c t e d  because of i t s  accuracy and s t a b i l i t y  ( 4 ) .  

Two series of d a t a  were t a k e n  u s i n g  t h e  d i f f e r e n t i a l  test  r e a c t o r .  The 
a c t i v a t i o n  energy series was run over  a wide temperature  range a t  low r e a c t i o n  
r a t e s  t o  determine a c t i v a t i o n  energy and c a t a l y s t  c o e f f i c i e n t .  
series was r u n  a t  a s i n g l e  tempera ture  and varying r e a c t i o n  r a t e s  t o  determine t h e  
r e a c t i o n  r a t e  c o e f f i c i e n t .  . 

The r e a c t i o n  r a t e  
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1 Table I shows t h e  complete experimental  d a t a  a f t e r  pre l iminary  processing.  
Table I1 shows t h e  r e s u l t s  of a c t i v a t i o n  e n e r a  c a l c u l a t i o n s  from equat ion  (7) 
us ing  s e l e c t e d  runs .  
runs t o  c a l c u l a t e  a r a t e  constant  according t o  equat ion  (11). 
t h e  c r i t e r i a  f o r  s e l e c t i n g  runs f o r  t h e s e  c a l c u l a t i o n s .  

Table I11 shows t h e  r e s u l t s  of i n t e g r a t i o n  of o t h e r  s e l e c t e d  
Table  I V  i n d i c a t e s  

The a c t i v a t i o n  energy s e r i e s  was s t a r t e d  a t  400?F and t h e  temperature  gradual ly  
r a i s e d  t o  7 O O q  while  t h e  conversion of t h e  i n l e t  gas  was r a i s e d  from O$ t o  96% t o  
keep t h e  composition change across  t h e  d i f f e r e n t i a l  r e a c t o r  s m a l l  (Runs 519- 551).  
Volumetric flow of t h e  f e e d  gas was held s teady  except  f o r  two lower value runs  
a t  t h e  s t a r t .  The r a t i o  of  H2:C02 i n  t h e  f e e d  gas was he ld  j u s t  below s t o i c h i o -  
met r ic  ( a t  3.8) f o r  t h e  f i rs t  temperature sweep (Runs 519-534), and a t  about 2.0 
f o r  t h e  second (Runs 538.50 - 551) .  

The r e a c t i o n  r a t e  s e r i e s  was run a t  b a t h  temperatures  of 580°F and 520°F and 
a t  i n l e t  flow r a t i o s  of 1.9 and 2.9,  r e s p e c t i v e l y  (Runs 560-581). 
s ions  were var ied  from O$ t o  84$. 
over s t o i c h i o m e t r i c  ( a t  4 .1)  using lower b a t h  temperatures  provid ing  unreacted 
f e e d  gas a t  435% and 475% (Runs 590 and 591). 

I n l e t  conver- 
Two f i n a l  runs were t a k e n  a t  f low r a t i o s  j u s t  

The lower i n l e t  flow r a t i o s  of H2:C02 i n  each series was w i t h i n  t h e  range f o r  
which carbon depos i t ion  was thermodynamically s t a b l e  (F igure  1). 

p o s t - t e s t  c a t a l y s t  examination. 

N o  evidence f o r  
' such depos i t ion  was observed i n  t h e s e  t e s t s  i n  performance degrada t ion  o r  a f t e r  

EXPERIMENTAL DATA REDUCTION 
\ 

A d a t a  reduct ion  computer program was used t o  produce t h e  d a t a  presented  i n  
Table I. 

I n l e t  and Outlet P a r t i a l  Pressures  - I n l e t  a n a l y s i s  t o t a l  p r e s s u r e  was taken a s  t h e  
a r i t h m e t i c  average between supply r e a c t o r  p r e s s u r e  (PI-2,  F igure  2)  and d i f f e r e n t i a l  
r e a c t o r  i n l e t  p r e s s u r e  (PI-3) .  C02, H20, and CH4 p a r t i a l  p r e s m r e s  were determined 
from chromatographic peak h e i g h t s  and H2 t a k e n  a s  t h e  remaining c o n s t i t u e n t  by 
d i f f e r e n c e ,  a s  d i scussed  i n  "Sampling", above. The p a r t i a l  p r e s s u r e s  were t h e n  
normalized t o  t o t a l  1.000, thus  becoming mol f r a c t i o n s ,  and t h e n  mut ip l ied  by t h e  
i n l e t  r e a c t o r  pressure  (PI- 3) t o  determine i n l e t  p a r t i a l  pressures*.  

1: 

\ 

!\ 

The experimental  o u t l e t  compositions were determined s i m i l a r l y ,  except  t h a t  
t h e  a n a l y s i s  pressure  was taken  a s  t h e  a r i t h m e t i c  average between d i f f e r e n t i a l  

t i o n ,  a new s t o i c h i o m e t r i c a l l y  exac t  set of  o u t l e t  mol f r a c t i o n s  was synthesized 
from t h e  i n l e t  compositions p l u s  t h e  o u t l e t  CH4 composition*. 
values  were p r i n t e d  next t o  t h e  experimental  values  f o r  easy  comparison. 

Const i tuei i t  o u t l e t  p a r t i a i  pressures* were t h e n  c a l c u l a t e d  from. t h e  synthesized 
o u t l e t  composition and o u t l e t  r e a c t o r  pressure .  

, r e a c t o r  o u t l e t  (PI -4)  and chromatograph o u t l e t  (PI -5) .  After mol f r a c t i o n  c a l c u l a -  
I 

The synthes ized  
General ly  

\ t h e  va lues  agreed w i t h i n  a f a c t o r  of  l$, and o f t e n  t h e  agreement was much b e t t e r .  

Reactor  Flow Rates - Laminar flowmeter vo l tages  were converted t o  t o t a l  volumetr ic  
i n l e t  flow* and t h e n  weight flow ( l b / h r )  u s i n g  flowmeter pressure ,  temperature, 
and t h e  p e r f e c t  gas laws. Volumetric flow r a t e s  f o r  each c o n s t i t u t e n t  were t h e n  

LComplete r a w  da ta  i s  given i n  Reference 5, which i s  t h e  NASA r e p o r t  of  t h i s  work. 
*Presented i n  Table 1 f o r  a l l  repor ted  tes t  runs.  
2This was done t o  avoid e r r o r s  i n  l a t e r  c a l c u l a t i o n s  due t o  experimental  inaccura-  

c i e s .  
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c a l c u l a t e d  a t  r e a c t o r  i n l e t  and o u t l e t ,  t a k i n g  i n t o  account t h e  r e a c t o r  tempera- 
ture*, pressure ,  and chromatographical ly  determined compositions while  conserving 
only t h e  t o t a l  weight f low of t h e  feed c o n s t i t u e n t s .  
ve loc i ty*  ( l / h r )  were c a l c u l a t e d  us ing  t h e  r e a c t o r  volume* and average r e a c t o r  flow 
r a t e .  
volumetr ic  flows and t h e  p e r f e c t  g a s  laws. 

React ion Rates - Molar C02 r e a c t i o n  r a t e  (lb-mol/hr) was t h e n  ca lcu la ted  from t h e  
d i f f e r e n c e  i n  i n l e t  and o u t l e t  molar flow r a t e s  of C02. 
s i o n  r a t e  was ca lcu la ted  ( lb-mol/hr  c a t a l y s t ) ,  us ing  c a t a l y s t  weight*. 

Contact time ( s e c )  and space 

Reactor i n l e t  and o u t l e t  f lows i n  lb-mols/hr were t h e n  ca lcu la ted ,  using 

Then t h e  s p e c i f i c  conver- 

C02 r e a c t i o n  rate* i n  atm/hr was also c a l c u l a t e d ,  us ing  t h e  p e r f e c t  gas  law a 

a t  r e a c t i o n  condi t ions and t h e  molar r e a c t i o n  r a t e .  

DATA CORREIATION 

Reduced run data  l i s t e d  i n  Table  I was f u r t h e r  processed t o  determine va lues  
of t h e  a c t i v a t i o n  energy, Ea, c a t a l y s t  c o e f f i c i e n t ,  n, and r e a c t i o n  r a t e  c o e f f i -  
c i e n t ,  k.  

Act iva t ion  Energy and C a t a l y s t  Coef f ic ien t  - A s p e c a i l  computer program was w r i t t e n  
t o  process  reduced d a t a  from the a c t i v a t i o n  energy runs t o  a form appropr ia te  fo r  
graphica l ly  f i t t i n g  equat ion  (7).  A l e a s t  squares  f i t  was incorporated t o  calcu- 
l a t e  t h e  a c t i v a t i o n  energy d i r e c t l y .  Table I1 is an output  from t h i s  program f o r  
n = 114. 
and 1. 
7 and 8). 
c a t a l y s t  c o e f f i c i e n t ,  r e s u l t i n g  i n  a value f o r  a c t i v a t i o n  energy of 

The data  were f i t t e d  u s i n g  c a t a l y s t  c o e f f i c i e n t s  of n = 114, 318, 1/2, 

The data  were more l i n e a r  with n ='1/4 and t h i s  was s e l e c t e d  a s  t h e  
When n was 1/4 o r  318, a p l o t  of equat ion  (7 )  was genera l ly  l i n e a r  (Figures  

Ea = 30,600 
o r  

Ea = 17.0 

b t u f l b  mols C02 

Kcal lg  mols C02 

Rate Coeff ic ien t  - Table I11 i s  t h e  output  from t h e  Runge-Kutta i n t e g r a t i o n  
r o u t i n e  which c a l c u l a t e s  t h e  r a t e  cons tan ts  f o r  s e l e c t e d  runs according t o  
equat ion  (11). Data f o r  i n t e g r a t i o n  were s e l e c t e d  a s  noted i n  Table I V .  

The requi red  program i n p u t  f o r  t h e  d a t a  reduct ion  i s  t a b u l a t e d  along with 
t h e  c a l c u l a t e d  rate cons tan t  f o r  each run. The average constant  i s  

-114 -1 
h r  k = 2.46 x lo9 atm 

f o r  t h e  constant  temperature  r u n s  544.1 t o  581.0 and 
-114 -1 

h r  k = 2.338 x lo9 atm 

f o r  t h e  e n t i r e  page of tests of Table  I V .  

I 

*presented i n  T a b l e  I f o r  a l l  r e p o r t e d  test  runs.  

... .- L. . 

I 
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Table I i 
SUMAYI OF fIPtYIMENl4L D A T A  4FTtY PRELIMINARI VYOCESSING 
3.511 G U N S  C I l A L l S l  USE0 1Y 4.15 ML R E l C l O R  
I N L E ~ ~ C U I L E I  YAlllAL PRLSSUYES SUM 10 I N L E l l W l L f l  T O I U  PRESSURE 
S P U L  V t L U C l l Y  AhO PC02 COUSUNEO CALCULATE0 Ar REAClOR TtMP 4ND PRESSURE 
llUtl FLOY I L U b l L  F f l n l l  MtASUYtU A 1  19 PSI4 AN0 1 3  OEG F 
L A I A L I S I  C ( r t F 6 l C l t N 1  I 0.1, 

PC02 
LOhSUlEU 
I A l M I W I l  

Ib.380 
32.130 
29.810 
38.510 
8b.250 
61.830 

1s1.000 
105.530 
121.430 
199.bJC 
115.500 
115.230 
151.000 
123.500 
142.5CO 

111.000 
222.830 

2 I 8.230 

SPACE 
V f  LOC I I* 
IIIHRI 

1520.  
1548. 
2811. 

3816. 
2818.  

3058.  
3021.  
2192. 
2103. 
2blC.  
2611. 
2415. 
2319.  
2393. 

2355. 

2181. 
ZlOb. 

1921. 
1925. 
2836. 
2582. 
2561. 
25bC. 
2559. 
2521. 
2528. 
2555. 
2531. 
2284. 
2263. 
2260. 
2243.  
2243. 
2151. 
2153. 
2141.  
2145. 
2106.  

2185. 

222.3. 

1928. 

188, .  
i n n .  
1929. 
1922. 
1901. 
2321.  
L110. 
2045. 
1998. 
1914. 

INLEI 
FLOY 
I C F H l  

0.2111 
0.2111 
0.+112 
O.*Ib9 
0.4112 
0.4239 
0.*243 
0.425b 
0.6231 
0 .1231 
0.4231 
0.6231 
0.4231 
0.4231 
0.4231 
0.4221 
9.4223 
0.4223 
0.4223 
0.4123 
0.4223 
0.4223 
0.*352 
0.4963 
II .4@63 
O.40b3 
9.4Gb3 
3. bCb3 
O.LC63 
0.4010 
0.4010 
0.4c10 
O.*ClO 
0.4010 
0.4010 
0.4010 
9.*010 
0.4013 
0.4010 
0.4018 
0.4010 
0.'010 
0.4010 
0.401C 
0.4010 
C.&Obb 
0.4Ob1 
0.4061 
0.4059 
0.6059 
C.4059 

INLET 
c02 

11191 
0.2036 
0.1978 
0.2061 
C.2036 
0.1386 
0.2036 
0.2055 
c.111,. 
0.1190 
0.1799 

? . I481 

C.1485 
C.1485 
C.1411 
C.1241 
C.1255 
c .1229 
C.Cl1. 
C.0116 
C.@lIL 
C.3893 
c . 3 4 1 4  
0.3435 
c.3435 
c.3435 
c.3*55 
C.3455 
C . 3 4 3 4  
C . 3 4 3 L  
0.33c5 
c.3112 
0.3312 
0.3312 
0.3312 
0.3302 
'0.3302 
@.3302 
0.321b 
0.3215 
O.Lb.7 
0.2647 

0.285'. 
C.2055 
0.3411 
0.3237 
C.3151 
0.3017 

a.119~ 
c.1685 

0.2865 

c.2855 

O U l L E l  
CO2 

ILlMI 
0.2002 
0. I91 I 
0.2015 
0.1993 
0. 1305 
?. 1910 

9.1515 
O.lbk5 
0.1513 
5.1600 
0 . 1 3 3 1  
c .  1212 
0 .13 lb  
0 .  I29 1 

0.0984 
0.091b 

3.059* 
0.0592 
0.C582 
0.381's 
0.3314 
0.3393 

0. 1899 

o . i i n I  

0.0846 

0.31n.n 
0.3182 
0.3319 
9.3380 
0.3357 
0.333b 
O.IZb+ 
0.3241 
0.3236 

0.3232 
0.3226 
0.3220 
0.3209 

0.3125 

0.3208 

0.1182 

0.2581 
0.2568 

0.2686 

c .2998 

0 . 2 8 2 ~  

0.212s 

C .  2659 

0.2963 
0.2923 

0.2121 

INLEI 

IAlMl 
0.6033 

0.8022 

n2 

c.8091 

0.8035 
c.8681 

0.8050 
0 . E O l L  

C.bB14 
0.b818 
C.hB26 
0.b80C 
0.5310 

P. 5298 
C.529Y 
0.5105 
0.+362 
0.L299 
0.4202 
0. Id05 

r . v w  

0 . 1 8 ~ 5  
0.1805 
O.bl15 
0. hb54 
0.bb33 
0.6631 
0. bb33 
0.6h13 
0 .bb l3  
r .  6636 
0.bh3L 
0.5111 
0.5114 
P.5124 
0.5124 
I. 5124 
0.4676 
0.4176 
'.CL16 
0 . 6 4 2 1  
0.442d 
0.1527 
0.157b 
0.2611 
0.25?2 
0.2+94 
3.bh8b 

0.*143 
3.3'bS 
0.2362 

0 . 4 8 4 a  

O U l L F l  
q? 

l41M1 
0.1984 
c . 1 8 2 ~  

o.7810 
C.1893 

0.8421 
C . l lb7  
C.1L22 
0.6257 
C.b2?4 
0.58CC 
0.5919 
0.*171 
C.4LC9 
0.4595 

P.4Cll 
C.328C 

P.25SC 
0.1298 
C. l?bl  

G.bC7F 
C.6'63 
P . S * l l  
?.,39? 
C.b3&" 
C . h l l 7  
O.hl21 
@.OIL6 
0.5955 
C.4l t2  
'J. 65C 1 
C . * * l S  
C.I2II  
? .*I l '  

0 . 3 8 2 2  

0.3503 
Q.3Ctb 

r . 4 6 9 ~  

0.2111a 

o.i:*a 

r . i n i ?  

r.3172 

r . 1 ~ 2 1  
C . C S I L  
0.1319 
0 . 1 1 ' 6  
0. E91t .  
*.322? 
17.2417 
O.7?1' 
c . i n t c  
r . 1 7 t ~  

OUlLfl 
"21 

I A T M I  
0.3115 
0.0220 
O . C l * l  
0.@131 
0.5275 
3.3222 
1.0453 
3 . 1 4 G C  
0 . I b B C  
n . 1 1 ) ~  
0.1\15 
1.2518 
C.2932 
0.2118 
0.2305 
0.3211 
0.3859 

9 . 6 3 8 0  
C.5'41 
9.5450 
0.9*82 
O.!'P55 
0.?1:9 
1 . r 1 7 G  
1 . 5 l b l  
0.*195 
C.?I)b 
0 . - 3 3 3  
3.33'1 
P.S'l2 
C . 1 3 1 4  
r . I Z 3 9  

C.I15? 
c.179C 
0.1913 
C.?.IC 
9.7CR9 
C.22't 
C.251P 
0.L12: 

9 . 3 q q 4  
C . L I I I  
C.L3*2 

? . 3 1 * '  
0.1'2 
'.3<.11 
O . L - 1 1  

o . b i i n  

P.15ir  

C.LI*C 

i .754n 

Y I W I  

3 . 4 1 ~  +. 1264 
4.C221 
+ . L u l l  
5.1155 
4. t55* 
5.6121 
5.543% 
5.1263 
b.i.092 
b.LlL8 
5.9528 
b.3181 
b.CC71 
6.1C16 
6.1065 
b. 7* i s  
7.11LI 
l . J , I O  
1.*365 
1.7548 
b.2982 
1. kCL1 
3.Pd41 
4.L173 
4.2998 
4 r2 ' l l d  
5.1762 

5 .  L7,+ 
5.5506 
5 . C L G 9  
5.5i51 
5.6702 
6 . G G I Y  
b.CI4O 
5.b141 
5.7134 
5.b105 
b.LiDb 
b.51J2 
6.6161 
b.C*52 
6.9YYd 
1.338b 
7.6,Y9 
1 . C L i Y  
1 .~6L 'b  
7.1130 
7 .  CL*O 
7.C501 

5 . 1 ~ - n  

6 .  b4bd 
7.1300 

1.C5r5 
7.3290 
b . C C 6 0  
5.bbIJ  
5. bbI1 

t..3b.* 
5.1712 
5.C192 
5.1081 
5.729) 
5.'.bbC 

5 .  COC3 
+.5+19 
2.llllY 

~ $ 8 3 7  

5 .  7880 

5 . n ~ ~  

1EMP. 1EMP 
lOtG F I  I U E G  F I  

kO4.  404.  
4 3 3 .  433. 
433. 4 3 3 .  
+ 4 3 .  663. 
'.b2. L62. 
4b9. 
505. 
5 C O .  
521. 
552. 
545. 
553.  
510. 
559.  
569. 
bOC. 
;9e. 
623. 
652.  
b52. 
b71. 
lC0. 
G C C .  
GZ3. 
43G. 
4 6 0 .  
'.50. 
4 6 5 .  
665. 
6TC. 
5c5. 
495. 
212. 
5ZC. 
5 2 b .  
534. 
519. 
528. 
53s. 
541. 
212. 
5 0 c .  

590. 
o l b .  
b4C. 
624. 
( . I C .  
bC2. 
596. 
568. 

5 a i .  

5ba.  
593. 
59b. 
bC1. 
6 1 1 .  
531. 
527. 
520. 
519. 
524.  
>Zk. 
b21. 

5 7 9 .  
52V. 
536. 
531. 
+35+ 
415. 

528.  

669. 
505. 
5GO. 
52G. 
5k3. 
531. 

5b1. 
551. 
560. 
581. 

b l2 .  
b39. 
6*8 .  
610.  
bY4. 
400. 
423. 
43c. 
6.0. 
'5i. 

46G. 
bn5. 
498. 
491. 
505. 
514. 
521. 
525. 
512. 
519. 
524. 
532. 
558. 
5 3 5 .  
5&1. 

bO4. 
b28. 
589. 
5b8. 
583. 
5b1. 
51d. 

548. 

589. 

 no. 

581. 

579. 
515. 
5 8 0 .  
58C. 
583. 
5 2 0 .  
52C. 
519.  
520. 
520. 
52C. 
520. 
5iO. 
520. 
521. 
520. 
52G. 

0. 
S l O .  

252.bGC 
k*.OlC 
61.850 
73.110 
1G.520 
Zb.910 
29.130 
3b.bbC 
4b.b3O 
8b.CIC 
85.250 
a5.95P 

IL3.3CO 
55.630 
96.520 

l C 1 . 9 0 0  
141.bOO 
15C.13C 

93.11C 
ICl.,.?O 
I21.5JC 

5 0 .  3 Z O  
bY.570 

13J.5:O 
167.500 
lCb.53C 
bZ9.520 
363.23C 
21C. IJC 
2 I C .  000 
131.13C 

8 5 . ~ 5 0  

iq6.83o 

1 3 1 . Y O C  
215.230 
217.80C 
I S 6 . O J C  
bl8. lCC 
2CI .V3C 
122. ccc 

bn.950 
BO. I90 

lCl .330 
*6.15C 
62.320 
73.8C0 
S L . 3 5 C  

14*.500 
151.CJO 
1L11.bOC 

49.bLC 
33. I 3 0  

2004.  
1981. 
2183.  
2269. 
2 5 0 8 .  
2632.  
2311.  
2301. 
2139.  
2031. 
1978. 
2026. 
2133. 
2211. 
2352. 
2501. 
2b2O. 
3Obl. 
3 0 S l r  

0 . 4 3 2 1  
C.4321 
0.4321 
0.4321 
0.4321 
0.C311 
0.4311 
0.4111 
0.4311 
0.4311 
0.4311 
0.4082 
0.40U2 
0 . 4 0 8 2  
0.4C82 
0.4082 
0.4558 
O.+Zbl 
0.4251 

0.1108 
0.19bC 
0.2 143 

0.2bOC 
0.2b23 
0.1226 
c.2011 
0.1921 
0.1 155 
0.1604 

0,2258 

c.2829 
0.3000 
0.3089 
0 . 3 2 2 3  
C.33Cb 
C.3311 
C.lV54 
0.1954 

C.1509 
0. 1654 

1. l ab0  
c .2027 
0.2136 

0. inor 

0.201s 
0. 1881 
0. i n o i  
0. 1584 
0. I523  
3.2155 
C.2923 
C.lC33 
P.3106 
0. 3195 
0.3253 

0.11161 
0. inuq 

- .  

O . ) n ? I I  
0.3599 
0.4990 
C.5612 
?. 1482 
n. i51* 
0.5561 
0.5C43 
O.CI ' .k  
0.3404 
0.2661 
0.2h97 
C.3lCP 
r . 4 3 5 c  
C . 5 6 6 2  
0.627@ 
0 . 6 1 t 0  
0.0115 
O . R I l L .  
- -  

".2Pl' 
C.19CI 
r . 3 1 1 3  
5.3622 
r . b s i '  
9:*5t I 
r . i e i c  
L.',.L9 
C.1511 
P.2555 
C . I ? t l  
0.7179 
0.3111 

0.4501 

C.98?7 
c. 181" 

r. 3 ??e 

r .5451 

r . i i .=e 
-. 

0.63 .0  
2.4K5b 
P . 3 ' 1 2  
0.3:Ch 
0 . 7 2 5 1  
9.-131 
P.71'2 

0 . 3 l t 6  
3.3905 
?.'I46 
?.313@ 
3.35'1 
0 . ? 2 5 (  
0 . 1 5 1 1  
0.39"3 

3 . - I  I.1 

C.n?- 

r . 7 ~ 1 9  

? . r e i 5  

__ 
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TABU IV- Se lec t ion  of Experimental Data 

Se lec t ion  of runs  f o r  a c t i v a t i o n  energy de termina t ion  
(Table 11, Figures  7 and 8) 

Reason 
Planned: Runs 519 - 551 
Dropped: Run 519 Reaction r a t e  s o  low t h a t  ana lyses  

were i n  doubt 
Used: RUS 520 - 551 

Se lec t ion  of runs f o r  r a t e  cons tan t  de te rmina t ion  
(Table 111) 

Planned: Runs 560 - 581 
Dropped: Runs 560 - 569 High d i f f e rence  between w a l l  and 

( e n t i r e  580° 
ba th  tempera ture  high conversions caused doubt a s  t o  
s e r i e s )  a c t u a l  r e a c t i o n  temperature.  

r e a c t o r  temperatures due t o  gene ra l ly  

Added: Runs 519 - 528.1 Lower temperature runs from a c t i v a t i o n  

Used: Runs 519 - 528.1 
538.5 - 546.1 e n e r a  s e r i e s  rep laced  above da ta .  

538.5- 546.1 
570 - 581 

Runs 590 and 591 were e x t r a  runs not  planned and not used. 
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I I I FIGURE 8. 'ACTIVATION ENERGY PLOT 
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